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ABSTRACT 

The oxidat ion of an A l -  2% A 1 2 0 3  SAP-Type 

a l l o y  was observed by ho t  s tage  transmission e l ec t ron  

microscopy, e l ec t ron  d i f f r a c t i o n  and motion p i c t u r e  

micrography. 

f o i l s  w e r e  heated i n  s i t u  and direct  observation of 

Cold rolled and thinned po lyc rys t a l l i ne  

oxide fprmation, types of oxides formed, mode of  growth 

a t  d i f f e r e n t  temperatures, growth rates and dynamic i n t e r -  

a c t i o n  w i t h  second phase p a r t i c l e s  w e r e  made. 

A s  the f o i l  w a s  heated,  oxidat ion occurred a t  

s e v e r a l  f o i l  regions. The temperature f o r  oxidat ion t o  

commence a t  any region w a s  s e n s i t i v e  t o  the amount of 

cold w o r k  introduced i n  the f o i l .  The oxide formed w a s  no t  

a su r face  l a y e r  bu t  proceeded through the e n t i r e  f o i l  thick- 

ness.  The Al-Oxide i n t e r f a c e  movement w a s  found t o  vary as 

a func t ion  of growth geometry, temperature change, and 

second phase p a r t i c l e  in te rac t ion .  The oxidation reac t ion  



. 

occurred close t o  equilibrium condi t ions and w a s  re- 

ve r s ib l e .  Electron d i f f r a c t i o n  ana lys i s  showed the 

presence of two new types of  oxides. B o t h  these oxides 

could grow as an o r i en ted  l aye r  i n  a (110) 4 221  > fashion. 

A t  temperatures approaching the melting po in t  of the matr ix  

aluminum, oxidat ion occurred a l l  over the sur face  by a 

spontaneous and i r r e v e r s i b l e  process. A t  temperatures 

beyond the melting po in t  of aluminum, there w a s  n e i t h e r  

a d ras t ic  change i n  the microstructure  nor any s ign  of a 

continuous honeycomb network formation by alumina. 

ii 
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INTRODUCI'ION 

Thermal transformation s t u d i e s  of aluminum and 

var ious  alumina hydra tes  i n  oxidizing atmospheres y i e l d  a 

mul t i tude  of types of aluminum oxides. Some of these are 

c r y s t a l l i n e ,  w h i l e  o t h e r s  are c lose  t o  being amorphous. 

I n  genera l ,  however, such  s tud ie s  have been confined t o  

the oxidat ion of bulk s i n g l e  phase ma te r i a l s  under high 

oxygen pressure.  T h i s  has r e su l t ed  i n  a f a s t  oxidat ion 

r eac t ion  so tha t  it has been poss ib l e  t o  observe t h e  re- 

a c t a n t s  and products,  b u t  not the oxidat ion process as it 

have used the e l ec t ron  occurred. O t h e r  i nves t iga to r s  

microscopy technique t o  study the oxidat ion of aluminum. 

I n  these inves t iga t ions ,  the bulk aluminum f o i l  w a s  oxi- 

d ized  before  being introduced i n t o  the microscope, so tha t  

on ly  the su r face  oxide films have been examined i n  the 

microscope. 

(1-3) 

T h e  present  i nves t iga t ion  w a s  undertaken t o  ob- 

serve the oxida t ion  process a s  it occurred and,  addition- 

a l l y ,  t o  s tudy the e f f e c t  of a d i s t r ibu ted  second phase 

and deformation s t r u c t u r e  on the subsequent oxidat ion of 
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a two-phase aluminum alloy. 

Foils from an aluminum alloy containing a dis- 

tributed aluminum oxide phase were cold rolled to various 

amounts and then thinned. They were then oxidized and con- 

currently observed by utilizing hot stage transmission electron 

microscopy. The foils were heated in situ and direct obser- 

vation of oxide formation, types of oxides formed, mode of 

growth at different temperatures, growth rates and dynamic 

interaction with second phase particles were made. 

tial, stereo, selected area diffraction, high resolution 

diffraction and motion picture micrographs were taken as 

the foil was being heated. The ambient-oxygen in the micro- 

scope column had a partial pressure around torr. The 

resultant oxide growth rates were slow and occurred at an 

observable rate. 

Sequen- 

MATERIALS 

 he samples were fabricated by consolidating 

diameter atomized aluminum powder by powder-metallurgi- 3 

cal techniques. Spectroscopic analysis of the metal before 

atomizing showed the following composition: 
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A l . .  . .99.5 (min.) by d i f f e rence  
Fe.... 0.25 
S i . .  .. 0.10 Ga.... 0.01 
cu.. . .  0.02 Mn..;. (0.01 
Zn.... 0.02 Mg.. . . (0.004 

Atomizing decreases the aluminum content  t o  about 

98%, a s  each atomized p a r t i c l e  i s  now coated w i t h  an oxide 

layer .  The f ab r i ca t ion  of  t h i s  powder (designated AT-400) 

(4) 
has  been described elsewhere i n  d e t a i l ,  and c o n s i s t s  of 

cold press ing ,  vacuum s in t e r ing ,  h o t  press ing  and h o t  ex- 

t r u s i o n  t o  produce 1/4 i nch  diameter rods. During fabri- 

c a t i o n ,  the oxide coat ing on each of the aluminum p a r t i c l e s  

breaks and g e t s  d i s t r i b u t e d  as  i r r e g u l a r  p l a t e l e t s  i n  the 

aluminum matrix.  The as-extruded rods w e r e  cold r o l l e d  t o  

ob ta in  0.01 inch  th i ck  s t r i p s  approximately 5/16 inch w i d e .  

These s t r i p s  w e r e  r e c r y s t a l l i z e d  by annealing i n  a i r  for  about 

8 hours a t  1000OF. T h e  ma te r i a l  i n  t h i s  form was considered 

the  bulk m a t e r i a l  f o r  experimental purposes. 

T h e  s t r u c t u r e  of the r e c r y s t a l l i z e d  s t r i p s  c o n s i s t s  

of . i r r egu la r  p l a t e l e t s  of .r' -A1203 (and possibly q'-A1203) 

about 600 diameter and 150 th ick ,  non-uniformly d i s t r ibu -  

ted i n  a commercial p u r i t y  aluminum matrix. The mean center- 

t o  c e n t e r  oxide spacing was l e s s  than 0 . 2 p  and t h e  mean g r a i n  

s i z e  around 5 0 0 p .  

(4) 
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EXPERIMENTAL 

The r e c r y s t a l l i z e d  strips w e r e  reduced i n  thick- 

ness  over  the range 50% t o  90% by cold ro l l i ng .  Cold r o l l i n g  

l eads  t o  t h e  development of a ragged cell s t r u c t u r e ,  the cel l  

s i z e  varying inve r se ly  w i t h  cold work. A 90% cold ro l l ed  (5) 

f o i l  had a cel l  s i z e  of about 0 . 9 p .  

3000 A t h i ck ,  s u i t a b l e  f o r  transmission e l ec t ron  microscopy 

w e r e  prepared using the "window" technique from an elec- 

Thin f o i l s  less than 
0 

(6) 

t r o l y t i c  bath containing 20 volume p e r  cent  pe rch lo r i c  acid 

i n  absolu te  alcohol.  T h e  thinned f o i l s  w e r e  examined i n  a 

H i t a c h i  HU-11B e l ec t ron  microscope operated a t  100 kv and 

equipped w i t h  a combination tilt and r o t a t i o n  hot s tage.  

F o i l s  w e r e  heated i n s i d e  the microscope from room temperature 

t o  temperatures above the melting p o i n t  of aluminum. A 

typical hea t ing  curve is shown i n  Figure 1. On t h i s  curve, 

from 0 t o  A, the s t r u c t u r e  a t  room temperature w a s  observed 

and micrographs w e r e  taken. A t  A the  f o i l  was heated. As 

the temperature w a s  r a i sed  from A t o  B, oxidat ion d id  not  

occur ,  t he re fo re  no micrographs w e r e  taken i n  t h i s  range for 

t h i s  p a r t i c u l a r  sample. A t  B,  oxidat ion started t o  occur 

around etch p i t s .  T h e  temperature w a s  he ld  a t  B and micro- 

graphs taken during the  time B t o  C. Temperature w a s  again 
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increased,  bu t  nothing new happened u n t i l  t h e  po in t  D w a s  

reached. A t  D, ox ida t ion  s t a r t e d  t o  occur around t h e  f o i l  

edge. Again t h e  temperature was he ld  a t  D and micrographs 

taken during t h e  per iod DE. This process w a s  continued u n t i l  

t h e  temperature F w a s  reached, which is  above t h e  melting 

p o i n t  of aluminum. A t  t h i s  temperature, t h e  f o i l  s t a r t e d  

melt ing and broke a t  s eve ra l  i r r e g u l a r  regions,  having l o s t  

i t s  mechanical s t rength .  N o  f u r t h e r  observat ion could there- 

f o r e  be made. F i g u r e  1 i s  a curve f o r  a p a r t i c u l a r  f o i l .  

For another f o i l ,  the temperature a t  which oxidat ion occurs 

i n  a p a r t i c u l a r  region may be above o r  below t h e  temperatures 

shown i n  Figure 1. Thus, f o r  t h i s  f o i l  t h e  heat ing curve 

would be s i m i l a r  i n  shape but  would not  coincide with Figure 1. 

RESULTS AND DISCUSS ION 

The hea t ing  of t h e  f o i l s  produced severa l  d i s t i n c t i v e  

s t r u c t u r e s  i n  t h i s  a l loy .  These  s t r u c t u r e s  w i l l  be described 

and discussed separa te ly .  

Oxidation a s  Influenced by Deformation Structure:  

A s  t h e  f o i l  i s  heated i n  s i t u ,  oxidat ion s t a r t s  t o  

occur  successively a t  e t ch  p i t s ,  a t  ho les  and edges, and then 

a l l  over t h e  surface.  The temperature a t  which oxidat ion 
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starts t o  occur a t  any p a r t i c u l a r  region i s  deformation 

sens i t i ve .  T a b l e  I g ives  the r e l a t i o n  between per cen t  

co ld  r o l l i n g  and t h e  temperature above which only oxidat ion 

would occur a t  a p a r t i c u l a r  region. A l a r g e r  deformation 

r a i s e s  the temperature for oxidation t o  s t a r t  a t  any region. 

Mode of Oxidation: 

During the e lec t ro th inning  of the f o i l  t h e  vol tage 

range i s  selected i n  such a way tha t  the f o i l  i s  at tacked 

uniformly a l l  over i t s  surface. 

f o i l  region t o  another. Thus t h e r e  may be regions w h e r e  

the local cu r ren t  dens i ty  i s  high, leading t o  p i t t i n g .  Figure 

2 shows such an a rea ,  the pitted region appearing l i g h t e r  i n  

i n t e n s i t y .  A s  the f o i l s  were heated, it w a s  observed t h a t  

such etch p i t s  w e r e  the region w h e r e  oxidat ion f i r s t  occurred. 

For a 90% cold r o l l e d  f o i l ,  oxidat ion s t a r t e d  t o  occur within 

the p i t t e d  regions a t  around 626OF. T h e  oxidat ion process 

e=zti~zec? as the temperature w a s  increased, b u t  it proceeded 

beyond the etch p i t  boundary only above 900OF. 

But condi t ions may vary f r o m  one 

As the temperature i s  f u r t h e r  increased,  oxidat ion 

s tar ts  t o  occur around ho le s  and f o i l  edges. Holes a r e  formed 

i n  a f o i l  due t o  loca l i zed  p r e f e r e n t i a l  po l i sh ing;  e -g . ,  a t  

the second phase in t e r f aces .  Hence the per iphery of such 
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TABLE I 

Relation between Deformation Structure and Minimum 

Temperature for Oxidation to Occur a t  a Particular Region 

cold E t c h  H o l e s  Nucleation by Throughout 
Rolling P i t s  and Second Phase The F o i l  

Edges PA1203 Surface 

9096 626OF 660 O F  0.86 Rn* 

8 0% ~600 O F  780°F 0.86 Tm 

5 (% 530°F 0.86 Tm 

* Tm = Melting Point of Aluminum (1225OF) 
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holes is  usua l ly  observed t o  contain p ro jec t ing  oxide 

particles (Figure 3 ) .  Figure 4 shows a 10 minute sequence 

a t  760°F around a hole.  Figure 5 shows the same area a t  a 

lower magnification. I n  a l l  these f igu res  i d e n t i c a l  p a r t i -  

cles have been assigned the same alphabet. Thus A i s  the  
I 

same p a r t i c l e  i n  Figures  4 and 5. Referring t o  F i g u r e  4a, 

the w h i t e  l a y e r  XYZ i s  the oxide ( c a l l  it Oxide I) w h i c h  

s t a r t e d  growing from the edge of the hole. U n l i k e  t h e  oxida- 

t i o n  of pure aluminum previously reported, t h i s  i s  n o t  a 
(3)  

su r face  l a y e r  b u t  proceeds through the e n t i r e  f o i l  thick- 

ness. T h i s  has been confirmed by severa l  s t e r e o  p a i r s  

(Figure 6 ) .  

T h e  l a y e r  X Y Z  i n  Figure 4a, a t  the i n s t a n t  of forma- 

t i o n ,  w a s  a s i n g l e  phase appearing w h i t e  i n  cont ras t .  But 

w i t h i n  seconds, i n s i d e  t h i s  l aye r  another oxide (Oxide 11) 

forms which appears as black particles (region around Y i n  

F igure  4a) .  In  Figure 4b, the boundary of Oxide I has, by 

sudden movement, thrown a loop t o  a t t a i n  the configurat ion 

X ' Y ' Z ' .  A t  zero time the ma te r i a l  i n s i d e  this loop w a s  en- 

t i r e l y  Oxide I. 

grown rap id ly ,  the b igges t  p a r t i c l e  being B' of diameter 360A. 

But i n  10 minutes Oxide I1 p a r t i c l e s  have 
0 

Thus, for  the r eac t ion  Oxide 1-oxide 11, the  f a s t e s t  growth 
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0 

rate i s  36 A/min. 

By superimposing Figure 4b on Figure 4c, the m e a n  

l a t e r a l  movement of t h e  boundary X'Y' perpendicular t o  itself 

w a s  also found t o  be 36 A/min. That is, f o r  the reac t ion  

Al-Oxide I ,  the  f a s t e s t  rate is also 36 A/min.  Thus the 

0 

0 

r a t e  of forward movement of Oxide I equals  the growth r a t e  

of Oxide I1 within the matr ix  of Oxide I. T h i s  suggests t ha t  

a t  l e a s t  a t  t h i s  temperature t h e  reac t ion  A l e o x i d e  1-Oxide I1 

may occur c l o s e  t o  equilibrium condi t ions,  and may be wr i t t en  

as Al'Oxide I e O x i d e  11. I f  this i s  t r u e ,  then it should 

be possible t o  observe the  reverse  reac t ion ;  i.e., Oxide 11- 

Oxide I ,  o r  the complete reac t ion  Oxide 11-Oxide I 3 A 1 ,  

and/or Oxide 11-Oxide I + A l .  A l a r g e  number of micrographs 

w e r e  taken,  and it w a s  observed tha t  t h i s  reverse  reac t ion  i s  

capable of tak ing  p l ace  either completely o r  the  f i r s t  s t age  

alone. T h e  sequence i n  Figure 7 shows the f irst  s tage;  i . e . ,  

Oxide 11-Oxide I ,  occurring. I n  Figures 7a  t o  7d, p a r t i c l e s  

A and B grow f r o m  Oxide I ( w n i t e j  around them u n t i l  they meet 

each o t h e r  (Oxide I-Oxide 11). I n  F i g u r e  7e, the reverse  

of t h i s  r eac t ion  occurs,  so t h a t  the s i n g l e  p a r t i c l e  of Oxide I1 

i n  F igure  7d now breaks i n t o  two p a r t i c l e s  w i t h  Oxide I i n  

between them (Oxide II-oxide I ) .  

The  l a s t  s t age  of the  r eac t ion  Oxide 1- A 1  was rare. 
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Only one sequence i n  severa l  dozens showed t h i s  (Figure 5 ) .  

The p a r t i c l e  A i n  Figure 5a has completely d i s soc ia t ed  i n t o  

Oxide I and A1 (see Figure 5b). H e r e  both s tages  of t h e  

r eac t ion  Oxide 11- Oxide 1-A1 have occurred. 

Note a l s o  that  i n i t i a l l y  (Figure 7a) most of t h e  

regions around C consis ted of Oxide I only,  bu t  w i t h  the  

l a p s e  of time Oxide I1 p a r t i c l e s  started growing i n s i d e  

the mat r ix  of oxide I (Figure 7d) and continued t o  grow 

i n  F igure  7e. Thus, w h i l e  the  forward reac t ion  i s  occurr ing 

i n  one region, the reverse reac t ion  may a l s o  occur i n  an 

ad jacent  reac t ion ,  w i t h i n  a continuous Oxide I subs t r a t e .  

T h i s  i s  also shown by Figure 5, w h e r e  a new region R con- 

t a i n i n g  Oxide I and Oxide I1 has appeared on one side (Figure 

5b), w h i l e  p a r t i c l e  A (Figure Sa)  has d i s soc ia t ed  i n t o  

Oxide I and A1 on the o t h e r  s ide.  T h i s  again shows t h a t  

these reac t ions  occur c l o s e  t o  equilibrium conditions.  

C r y s t a l l i n e  Form of Oxides I and 11: 

, T h e  d i f f r a c t i o n  p a t t e r n s  a s  w e l l  a s  the morphology 

of these oxides  during growth (Figure 7c, par t ic le  A) suggest 

that  they are indeed c r y s t a l l i n e .  
, 

Both se l ec t ed  a r e a x i f f r a c -  

t i o n  and high r e so lu t ion  d i f f r a c t i o n  s t u d i e s  w e r e  m a d e  i n  o rder  
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t o  i d e n t i f y  the oxides. 

the  beginning and end of every d i f f r a c t i o n  sequence t o  

c a l c u l a t e  the camera constant  needed t o  so lve  these d i f -  

A standard gold f o i l  w a s  used a t  

f r a c t i o n  patterns. F i g u r e  8 shows a typical high reso lu t ion  

d i f f r a c t i o n  micrograph, and T a b l e  I1 gives  the spacing be- 

tween the d i f f r a c t i n g  p l anes  a f t e r  deducting those due t o  

aluminum. 

I n  o rde r  t o  d i s t ingu i sh  the spots coming from 

Oxide I f r o m  those of Oxide 11, selected area d i f f r a c t i o n  

of regions containing very small amounts of Oxide I1 

(Figure 1 2 c ) ,  and a l s o  a reas  containing l a r g e  amounts of 

Oxide I1 (Figure  4c) w e r e  separa te ly  done. The r e s u l t s  

computed from seve ra l  dozens of such micrographs a f t e r  

deducting those due t o  aluminum, a r e  tabula ted  i n  T a b l e  111. 

Oxide I could be assigned a pseudo F.C.C. la t t ice  
0 

w i t h  a l a t t i ce  parameter of 6.76 A. E f f o r t s  t o  match t h e  
(1-3, 7-12) 

observed t'dt' values  w i t h  the reported values of 

dozens of o t h e r  A1 0 failed. T h i s  w a s  no t  su rp r i s ing ,  

s i n c e  most of the reac t ions ,  Al- A1203, mentioned i n  

2 3  

the l i t e r a t u r e  w e r e  i r r e v e r s i b l e  and the reported growth 

rates t o  form A1203 w e r e  much f a s t e r  than observed i n  

I 

I 
L 
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I 

Data for Oxide I and Oxide I1 

From Hiqh Resolution Diffraction Pattern 

d(in A) I=Relative d(in i) I=Relative 
Intensity Intensity 

0.949 
0.937 
0.840 
0.792 
0.734 
0.701 
0.690 
0.658 
0.629 

W 
S 
m 
S 
S 
S 
m 
m 
m 

0.620 
0.578 
0.556 
0.550 
0.539 
0.504 
0.484 
0.454 
0.436 

S 
S 
m 
m 
m 

m 
W 

vw 
W 

1 - Note: Intensity estimates are given with 
respect to oxide rings only. When 
compared to aluminum rings, the in- 
tensity of all the oxide rings are 
quite weak. 
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TABLE I11 

D a t a  f o r  Oxide I and Oxide I1 

from Selected A r e a  Di f f rac t ion  Pa t t e rn  

a: Oxide I b: Oxide I1 

d ( i n  i) I=Relat ive d ( i n  A) I=Relat ive 
0 

I n t e n s i t y  I n t e n s i t y  

2.39 m 2.83 vvw 
2.17 vvw 2.54 S 
1.95 m 1.90 m 
1.44 vvw 
1.38 m 

- Note: I n t e n s i t y  es t imates  are given with 
respect t o  oxide spots only. When 
compared to  aluminum spots ,  t h e  in -  
t e n s i t y  of a l l  the oxide spots  are 
very weak. 
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t h i s  inves t iga t ion .  Moreover, the condi t ions under which 

th i s  study w a s  conducted (e.g., an a l l o y  containing a dis-  

t r i b u t e d  oxide phase, matr ix  aluminum of commercial p u r i t y ,  

hea t ing  i n  s i t u ,  low p a r t i a l  pressure of O2 atmosphere, faster 

hea t ing  r a t e s ) ,  w e r e  much d i f f e r e n t  from a l l  these reported 

works. Considering t h i s ,  it i s  probable t h a t  these a r e  two 

n e w  types of oxides not  reported so f a r .  

T h e  A l -  Oxide I Interface Movement: 

I n  a preceding sec t ion ,  it was observed t h a t  the 

movement of the A l -  Oxide I interface under isothermal con- 

d i t i o n s  was slow (36 A/minute) and more o r  less continuous. 
0 

I n  t h i s  sec t ion  the i n t e r f a c e  movement under athermal con- 

d i t i o n s  w i l l  be described. 

I t  was observed t h a t  i f  the  temperature of the f o i l  

i s  suddenly increased, the A l -  Oxide ,I i n t e r f a c e  moved by 

r ap id ,  discontinuous s teps .  This w a s  s tudied by taking motion 

p i c t u r e s  of the image of . a  heated specimen on the f luorescent  

screen i n  the e l ec t ron  microscope. 

the interface moved 1540 A i n  15 seconds by discontinuous jumps 

I n  one such observation, 
0 

( ra te  of movement 6000 ;/minute) upon f irst  hea t ing  t o  850OF. 

Then the i n t e r f a c e  continued t o  grow i n  a slow b u t  more uniform 

rate as the specimen reached constant  temperature. The tempera- 

t u r e  was then  suddenly ra i sed  t o  880OF. During hea t ing ,  t h e  
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, 

I 

interface again moved i n  a rapid,  discontinuous manner pro- 

ceeding 4100 A i n  10 seconds (25000 A/minute). 
0 0 

Figure 9 shows a set of micrographs taken from this 

type of motion p i c t u r e  sequence. The motion p i c t u r e s  w e r e  

taken when the f o i l  w a s  being heated, the temperature being 

i n  the range 570OF. Figure 9a shows two Oxide I l aye r s ,  one 

growing from the  f o i l  edge marked E and the o the r  growing from 

a h o l e  marked H. A p a r t  of the two i n t e r f a c e s  seem t o  be grow- 

ing  towards each o the r  forming a U-shaped region. I n  F i g u r e  9b, 

taken 1 /12  second l a t e r ,  the i n t e r f a c e s  have advanced toward 

each o t h e r  and their  forward edges now appear t o  be pointed i n  

the shape of a V. T h e  rate of advance from (a) t o  (b) was 

2400 A/second. I n  Figure 9c, taken  1 /12  second a f t e r  Figure 9b, 
0 

the two i n t e r f a c e s  have merged i n t o  each o ther  so tha t  a br idge 

shaped region marked R i s  formed. 

from (b) t o  (c) w a s  12000 A/second. I n  Figure 9d, taken 90 

T h e  r a t e  of i n t e r f a c e  advance 
0 

seconds a f te r  Figure 9c, slow lateral  growth of the br idge 

region has taken p lace  (17  ;/second). Oxide I1 p a r t i c l e s ,  

marked S, have a l s o  grown i n  t h i s  bridge region. The l a r g e s t  

of such p a r t i c l e s  w a s  of  diameter 1000 A,  corresponding t o  an 

Oxide I1 growth r a t e  of a t  l e a s t  11 A/second. Figure 9d also 

0 

0 

shows Oxide I1 p a r t i c l e s  marked P and Q have changed their 

morphology t o  a more geometric ou t l ine .  
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The above observations show t h a t  t h e  A l -  Oxide I 

i n t e r f a c e  movement v a r i e s  a s  a funct ion of growth geometry 

and temperature change. 

Oriented G r o w t h :  

Oxide I grows i n  an o r i en ted  manner u n t i l  " rap id  

oxidation" occurs  (described later)  . This or ien ted  growth 

i s  shown very c l e a r l y  i n  Figure 10. This f i g u r e  shows growth 

i n  two d i r e c t i o n s ,  OA and OB. On t h e  o the r  hand, Oxide 11, 

which i n i t i a l l y  starts growing as discontinuous p a r t i c l e s ,  

may grow a s  an or ien ted  l a y e r  a t  h igher  temperatures. Figure 

11 shows such a sequence taken over a temperature range. 

F i g u r e  l l a  shows o r i en ted  Oxide I1 growing i n  or ien ted  Oxide I ,  

t h e  o r i en ted  growth d i r e c t i o n  being t h e  same f o r  both s ides .  

A s  the temperature i s  increased, Oxide I1 becomes less o r i en ted  

be fo re  Oxide I does (Figures l lb,  c ,  d ,  e ) ,  b u t  it s t i l l  can 

grow a s  a continuous layer .  During a l l  t hese  per iods,  discon- 

t inuous Oxide I1 particles continue t o  grow i n  t h e  Oxide I 

matr ix .  Note t h a t  i n  F i g u r e  3 t h e  oxide perimeter does no t  appear 

t o  be or iented.  This i s  because seve ra l  l aye r s  grew from d i f -  

f e r e n t  holes .  I f  t h e  region around a s ing le  hole  i s  considered, 

t hen  it can be r e a d i l y  seen t h a t  it i s  indeed an or ien ted  

growth (region C,  Figure 3 ) .  
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I 

Figure 1 2  contains  sequences showing t w o  or ien ted  

oxide l a y e r s  meeting each other. Figure 12a contains  a bi- 

c r y s t a l ,  with the boundary running along XYz, and hence t h e  

d i f f r a c t i o n  p a t t e r n  shows t w i n  spots. Note a l s o  t h a t  Oxide I 

grows across  t h e  g ra in  boundary of t h e  matrix aluminum. The 

d i r e c t i o n s  AB, AC (Figure 12c) w e r e  t r ans fe r r ed  t o  t h e  corre- 

sponding se l ec t ed  a rea  d i f f r a c t i o n  p a t t e r n  (Figure 12d) ,  taking 

i n t o  account t h e  r o t a t i o n  

Actually,  f o r  our purpose 

t h e  plane of contac t  A ' B '  

importance. AB w a s  then 

and AC t h e  t r a c e  of (221)  

* 

due t o  t h e  intermediate  l ens  current .  

the d i r e c t i o n  AB, corresponding t o  

between oxide and metal ,  i s  of 

found t o  be t h e  t r a c e  of  (110) plane,  

plane. Therefore, t he  growth plane i s  

(110) which i s  a l s o  t h e  p lane  of contact  between A 1  and Oxide I 

and t h e  growth d i r e c t i o n  is  ( 2 2 1 ,  . The la t t ice  parameter 

f o r  aluminum being 4.05 A and f o r  Oxide I being 6.76 A ,  we can 

draw t h e  plane of contac t  as shown i n  Figure 13. 

0 0 

a) Nucleation Effect.  The i n t e n t i o n a l l y  added 

second phase 7-Al2O3 p a r t i c l e s  may, bu t  need not ,  act  as 

t h e  nuc lea t ion  s i te  f o r  Oxide I, b u t  not  f o r  Oxide 11. The 

* W e  can assume t h a t  the  planes whose traces a r e  
AB and AC a r e  noma1 t o  t h e  f o i l  surface.  This 
i s  a v a l i d  assumption s ince  i n  severa l  hundreds 
of micrographs taken, t h e r e  w a s  no evidence of 
any f r i n g e s  along the  oxide-metal boundary. 
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nucleated Oxide I could be or iented (region x,Y, ~ i g u r e  3) 

o r  non-oriented (region R, Figure 14 ) .  

b) Dynamic In t e rac t ion  with Oxide-Metal In te r face .  

The moving oxide-metal boundary i n t e r a c t s  with those dispersed 

second phase p a r t i c l e s  which protrude above t h e  f o i l  surface.  

This impeding e f f e c t  is  probably due t o  t h e  beam and column 

contamination around these  surface p a r t i c l e s ,  ac t ing  a s  a 

mechanical b a r r i e r  t o  oxygen, preventing it from reaching 

t h e  oxidat ion i n t e r f a c e .  A t  C (Figure 4a) , t h e  oxide-metal 

i n t e r f a c e  i n t e r a c t s  with several  

bends t o  follow t h e i r  contour. Ind iv idua l  p a r t i c l e s  (A, B,  

i n  Figure 15) can a l s o  obs t ruc t  t h e  i n t e r f a c e  movement. . 

Figure 10 shows second phase p a r t i c l e s  a t  t he  meeting po in t s  

of two o r  more oxide boundaries. Obstructed by these  p a r t i c l e s ,  

ox ida t ion  d id  not  proceed smoothly and rectangular  regions 

9 - A 1 2 0 3  p a r t i c l e s  and then 

of  aluminum have been l e f t  behind. 

O n  t h e  o t h e r  hand, second phase p a r t i c l e s  wholly 

cont-iileg -~ie,ii; C k n  Fn-i 1 (E, ~ i g u r e  4a1, do no t  seem t o  

o f f e r  such r e s i s t ance ,  

Rapid Oxidation: 

A t  approximately 0.86Tm temperatures, ins tead  of an oxide 

l a y e r  growing slowly by progressive displacement of i t s  i n t e r  ..I 

f a c e ,  s eve ra l  i r r e g u l a r  shaped areas throughout t he  f o i l  sur face  
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w e r e  r ap id ly  oxidized. Figure 16 shows, a t  high magnification, 

the appearance of such a reas  (marked A)  above the melting po in t  

of aluminum. These i r r e g u l a r  a reas  rap id ly  m e e t  each o the r  

(Figures 17a, b, c) to  cover the  e n t i r e  f o i l  surface.  

Unlike the case  of oxidation occurr ing along f o i l  

edges, here the e n t i r e  f o i l  surface i s  f i r s t  covered w i t h  an 

oxide f i lm.  I n  the beginning, the layer  i s  very t h i n ,  as the 

second phase 

(Figure 1 7 ) .  Then the f i lm  grows i n  thickness,  becoming darker  

so t h a t  the s t r u c t u r e  below i s  not  v i s i b l e  any more. Thus i n  

t h i s  case the oxidat ion proceeds frcm the sur face  t o  t h e  in- 

ter ior  of the f o i l .  Moreover, un l ike  the previous case,. t h i s  

oxida t ion  process i s  spontaneous and i r r e v e r s i b l e .  

p a r t i c l e s  which p r o j e c t  above t h e  f o i l  sur face  do not  seem t o  

impede i t s  motion. 

c/-A1203 p a r t i c l e s  below t h i s  f i lm a r e  s t i l l  v i s i b l e  

T h e  f - ~ l 2 O 3  

T h i s  oxide appears dark i n  con t r a s t ,  due t o  the 

absorpt ion of electrons f r o m  the beam. For t h i s  reason, no 

d i f t r a c t i o n  p a t t e r n  coiild be ~Stair?ed tc! f i n d  o u t  whether it 

was a f a s t  growing Oxide I1 o r  a d i f f e r e n t  oxide s t ruc tu re .  

There has been speculation t h a t  alumina forms a ( 1 3 )  

continuous three-dimensional honeycomb skeleton within the 

aluminum matr ix  i n  SAP-Type a l loys.  

served 

B r a m m e r  and Daw&14) ob- 

a d r a s t i c  change i n  microstructure  above the melting 
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I p o i n t  of t he  matr ix  i n  a SAP a l loy  containing 4% A 1 2 0 3 ,  and 

a t t r i b u t e d  t h i s  t o  a honeycomb network. These authors heated 
I 

bulk samples of  SAP-Type a l loys  f o r  25 hours a t  1350OF i n  a i r .  

Being unable t o  prepare thinned samples f r o m  t h e  bulk oxidized 

materials, t h e  microstructure  of t h e  oxidized a l loys  was 

observed by opt ical  metallography. I n  t he  present  study 

when t h e  f o i l s  w e r e  heated i n  s i t u  beyond t h e  melting p o i n t  

of aluminum, t h e r e  w a s  ne i the r  a drast ic  change i n  t he  micro- 

s t r u c t u r e ,  nor any s igns  of a honeycomb network formation of 

, 

I 

I 
I 

the second phase (Figure 1 6 ) .  

hea t ing ,  

I t  i s  also possible t h a t  during 

.r' -A1203 trapped within Oxide I may undergo phase 

transformation, as revealed b y  change i n  con t r a s t  of t h e  

ind iv idua l  p a r t i c l e s  (Figure 18, p a r t i c l e s  A ) .  But unl ike  

B r a m m e r '  s observations , t hese  transformation occurred below 

the melt ing p o i n t  of t he  matrix. 

Oxidation Mechanism: 

During t h e  preparat ion of t he  thinned f o i l ,  t he  f o i l  

s u r f a c e  i s  coated with a t h i n  oxide layer .  A s  t he  f o i l  i s  

hea ted  i n s i d e  t h e  microscope, t h i s  oxide l a y e r  may prevent 

direct con tac t  with a m b i e n t  oxygen i n  t h e  microscope column. 

It i s  not  c lear  why oxidation should commence from t h e  edge, 
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although due t o  t h e  design of t h e  instrument, t h e  f o i l  edge 

i s  less contaminated than t h e  f o i l  surface.  Once oxidat ion 

s t a r t s  from t h e  edge, t r a n s f e r  of oxygen through t h i s  l aye r  

appears t o  be r a t e  cont ro l l ing .  The slow r a t e  of oxidat ion 

may be due t o  t h i s  e f f e c t ,  although t h e  low par t ia l  pressure  of 

oxygen atmosphere would a l s o  be expected t o  con t r ibu te  towards 

t h i s .  The r e v e r s i b i l i t y  of t h e  oxidat ion reac t ion ,  and i n  par- 

t i c u l a r  t h e  reducing of t h e  oxides t o  aluminum have never been 

observed before.  Moreover, t he  oxidat ion and reduction reac t ion  

i s  capable of taking p l ace  simultaneously i n  two adjacent f o i l  

regions (Figure 5 ) .  This  may be due t o  the presence of im- 

p u r i t i e s  i n  t h i s  a l l o y  p a r t i t i o n i n g  within the oxide phases, 

changing t h e  a c t i v i t y  of oxygen. Rapid Oxidation, a s  observed 

above, i s  not the same a s  Catastrophic Oxidation, s i n c e  t h e  

former process was no t  confined t o  any p a r t i c u l a r  por t ion  of 

t h e  f o i l  and occurred a l l  over t h e  sur face  a s  a layer .  Con- 

s i d e r i n g  t h e  s u s c e p t i b i l i t y  of aluminum t o  oxidize,  t h e  la t ter  

- process ,  i f  it w e r e  t o  take  place,  would have occurred much be- 

low t h e  temperatures a t  which Rapid Oxidation was observed to occur. 

(15) 

The Oxide I boundary d i d  n o t  seem t o  i n t e r a c t  with the 

deformation s t r u c t u r e  present  i n  t h e  matr ix  i n  which it i s  grow- 

ing .  The Oxide I boundary was observed t o  grow across  matr ix  
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g r a i n  boundaries without undergoing any change i n  o r i e n t a t i o n  

(Figure 12a) .  Moreover, t h e  s t r u c t u r e  of oxides formed did 

no t  show any observable defect concentrat ions,  ei ther indi-  

v idua l  d i s loca t ions  o r  d i s loca t ion  networks. The  growth 

d i r e c t i o n  of Oxide I and Oxide I1 seemed t o  be i n s e n s i t i v e  

t o  the amount of deformation. 

On the o the r  hand, the deformation s t r u c t u r e  does 

seem t o  inf luence  the  temperature f o r  oxidation t o  commence 

a t  any p a r t i c u l a r  region i n  the  f o i l .  I t  may be mentioned 

t h a t  those f o i l s  which w e r e  cold r o l l e d  t o  a lesser degree, 

w e r e  t h i c k e r  before  being thinned. This v a r i a t i o n  i n  f o i l  

th ickness  w i t h  cold work may cause t h i s  apparent s e n s i t i v i t y  

of oxida t ion  k i n e t i c s  w i t h  the degree of r o l l i n g  deformation. 

CONCLUSIONS 

The d i r e c t  observation of the  oxidat ion process 

as it occurs i n  a A i - P ?  Ai203 p o i y c r y s t a i i i n e  SAP-Type alloy, 

h a s  allowed the desc r ip t ion  of the oxidat ion process  of 

a t h i n  f o i l  sample. The main f ea tu res  emergent from 

t h i s  i n v e s t i g a t i o n  are as follows: 
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1. A s  the f o i l  temperature is  r a i sed ,  ox ida t ion  

occurs successively a t  etch p i t s ,  a t  holes and 

f o i l  edge, and then a l l  over t h e  surface.  The  

temperature f o r  oxidation t o  commence a t  any f o i l  

region i s  s e n s i t i v e  to  the deformation s t r u c t u r e  

introduced i n  the f o i l .  T h e  oxidat ion rate i s  slow, 

and the oxide formed i s  not  a sur face  l a y e r  b u t  ex- 

tends through the e n t i r e  f o i l  thickness.  
I .  

2 .  Electron d i f f r a c t i o n  ana lys i s  showed the presence of 

two new types of oxides (Oxide I and Oxide 11). Oxide 

I grows by progressive displacement of i t s  in te r face .  

Oxide I1 grows ins ide  Oxide I i n  the form of p a r t i c l e s .  

3 .  The Al-Oxide 1-oxide I1 reac t ion  occurs c lose  t o  

equi l ibr ium conditions and i s  r eve r s ib l e .  T h e  re- 

verse  r eac t ion  i s  capable of tak ing  p l ace  e i t h e r  

completely o r  i n  stages.  Moreover, w h i l e  the  forward 

r eac t ion  i s  tak ing  place i n  one f o i l  region, the re- 

verse  r eac t ion  can occur simultaneously a t  an 

adjacent  region. 

T h e  i n t e n t i o n a l l y  added second phase ‘1)-A1203 may 

a c t  as the nucleation s i t e  f o r  Oxide I ,  b u t  not for 

oxide 11. 

4. 

Those dispersed phase particles which 
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5 .  

6. 

7, 

8. 

protrude above t h e  f o i l  sur face  seem t o  impede 

the moving Al-Oxide I in t e r f ace .  The second phase 

particles wholly contained wi th in  the f o i l  do n o t  

seem t o  offer such res i s tance .  

The A l -  Oxide I i n t e r f a c e  movement v a r i e s  a s  a 

funct ion of growth geometry, temperature change and 

second phase p a r t i c l e  i n t e rac t ion .  

Oxide I grows or ien ted  u n t i l  "rapid oxidation" occurs, 

Oxide I1 may a l s o  grow or ien ted  a t  higher  tempera- 

t u r e s ,  b u t  as the temperature i s  f u r t h e r  increased 

it becomes less or ien ted  before Oxide I does. The 

growth o r i e n t a t i o n  is (110) 4.221) f o r  both the 

oxide types, and t h i s  i s  not  influenced by p r i o r  

co I d  work . 
The Oxide I boundary d i d  no t  appear t o  i n t e r a c t  

with the  deformation s t r u c t u r e  p re sen t  i n  t h e  

aluminum matrix. T h e  s t r u c t u r e  of the oxides 

formed d i d  no t  show any observable d e f e c t  concen- 

t r a t i o n s ,  either individual  d i s l o c a t i o n s  or  d is lo-  

c a t i o n  networks. 

A t  temperatures around 0.86 Tm, i n s t ead  of an oxide 

growing slowly by progressive displacement of i t s  

i n t e r f a c e ,  oxidation occurs from the sur face  t o  the 
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I 

I 

i n t e r i o r  of t h e  f o i l  by a spontaneous and irre- 

v e r s i b l e  process. 

9. As t h e  f o i l s  w e r e  heated beyond the  melt ing p o i n t  

of the aluminum matrix,  there w a s  n e i t h e r  a d r a s t i c  

change i n  the microstructure  nor any s ign  of a con- 

t inuous honeycomb network formation by alumina. 

10. The C/-A1203 trapped wi th in  Oxide I may undergo 

phase transformation. These transformation seemed 

t o  occur below the melting po in t  of the matrix.  

, 
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FIGURF: CAPTIONS 

t 

Figure 1 Typical i n  s i t u  hea t ing  curve f o r  a 90% cold 
r o l l e d  foi l .  

Figure 2 Etch p i t s  i n  a 90% cold r o l l e d  f o i l .  Black 
p a r t i c l e s  are i n t e n t i o n a l l y  added 
T - A ~ ~ O ~  p a r t i c l e s .  

F igure  3 Holes(marked H) i n  a 90% cold r o l l e d  f o i l ,  heated 
t o  1050OF s i t u .  The w h i t e  region(marked A) 
around holes is Oxide I. 
(marked B) i s  aluminum. Black p a r t i c l e s  
a r e  . r ' - ~ l ~ O ~ .  

The grey region 

Figure  4 Region around a hole containing Oxide I and 
Oxide I1 i n  a 90% cold  rolled f o i l  heated 
t o  760OF. 

4a A t  zero time 
4b 10 minutes from (a) 
4c 10 minutes f r o m  (b) 

F igure  5 Same region as shown i n  Figure 4 a t  lower magnifi- 
ca t ion .  H i s  the hole.  Temperature=760°F. 

5a A t  zero time 
5b 15 minutes from (a) 

F igure  6 A s t e r e o  p a i r  showing Oxide I and Oxide I1 growing 
in tp,e z~.&Tl-ji,.GTl matrix. E is CL- G - 4  1 -3"- 

V-~l2O3 particles are marked A ,  and Oxide I1 
p a r t i c l e s  a r e  marked B. 

C l A c i  & . V I A  GUYS.  

F i g u r e  7 A 90% cold r o l l e d  f o i l  heated t o  1015OF. A and B 
a r e  Oxide I1 p a r t i c l e s .  H is  a hole  i n  the f o i l .  
C i s  the Oxide I l a y e r  and D is the  aluminum 
matrix.  

7a A t  zero time 
7 b  15 seconds from (a) 
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7c 15 seconds from (b) 
7d 15 seconds from (c) 
7e 10 seconds from (d) 

Figure 8 High r e so lu t ion  d i f f r a c t i o n  micrograph of a poly- 
c r y s t a l l i n e  cold r o l l e d  and oxidized sample 
showing r ings  f r m  aluminum, Oxide I and 
Oxide 11. 

Figure 9 Motion p i c t u r e  sequence of an 80% cold r o l l e d  
sample taken a t  570OF. 

9a A t  zero time 
9b 1/12 second a f t e r  (a) 
9c 1 /12  second af ter  (b) 
9d 90 seconds a f t e r  (c) 

F igure  10 Oriented growth i n  a 58% cold  r o l l e d  sample a t  666OF. 

F igure  11 Oriented Oxide I and Oxide I1 growth i n  a 90% cold 
r o l l e d  f o i l ,  

l l a  Temperature 850°F 
l lb  14 minutes from (a ) ,  temperature 930OF. 
l l c  9 minutes from (b),  temperature 99O0F. 
l l d  8 minutes from (c ) ,  temperature 1050°F, 
l l e  9 minutes from (a) ,  temperature llOOOF 

F i g u r e  1 2  Oriented Oxide I layers  meeting each o the r  i n  a 
90% cold  ro l l ed  f o i l  a t  840°F 

12a A t  zero time 
12b 10 seconds from (a) 
12c 20 seconds f r o m  (bj 
12d Selected area d i f f r a c t i o n  p a t t e r n  of t h e  region 

shown i n  (c) 

F igu re  13 Schematic of t h e  (110) plane of A 1  and A1203 

F igure  14 Non-oriented nucleation by second phase p a r t i c l e s  
i n  an 80% cold r o l l e d  f o i l  heated t o  780OF. 
E i s  t h e  f o i l  edge 
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Figure 15 Indiv idua l  9 -A1203 particles impeding i n t e r f a c e  
movement i n  an 80% cold  r o l l e d  f o i l .  
Temperature 1030OF. 

Figure 16 A r e a s  (marked A) undergoing rap id  oxidat ion i n  
a 90% cold  rolled f o i l .  Temperature 1250OF. 

Figure 1 7  Oxide patches formed during r ap id  oxidat ion i n  a 
90% cold ro l l ed  f o i l  a t  1050OF. 

17a A t  zero t h e  
17b 15 seconds f r a n  (a) 
17c 15 seconds from (b) 

Figure 18 A sp l i t  second micrograph showing a p a r t  of 
ind iv idua l  oxide p a r t i c l e s  (marked A )  changing 
cont ras t .  F o i l  80% cold  r o l l e d ,  temperature 
1030OF 
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